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ABSTRACT  
The adsorption of bovine serum albumin (BSA) on two types of silica nanoparticles (NPs), one 
pyrolytic (P−SiO2; namely AOX50 by Evonik) and the other colloidal (lab-made by using 
inverse micelles microemulsion, M−SiO2), is studied. Both materials are characterized in terms 
of size of primary particles (by transmission electron microscopy), amounts (by 
thermogravimetry) and distribution of silanols (IR spectroscopy in controlled atmosphere, 
augmented by H/D isotopic exchange and reaction with VOCl3, to distinguish silanols actually 
located at the surface of nanoparticles), water contact angle, ζ−potential and dispersion state in 
water, PBS buffer and BSA solutions in PBS (by dynamic light scattering, DLS). Proteins are 
found to act as dispersing agent toward the large aggregates formed by both types of NPs in PBS 
buffer, although monodispersion was not attained in the conditions investigated. The problem of 
the determination of the silica surface actually available in NPs agglomerates for protein 
adsorption is addressed, and a model based on the external area of the agglomerates determined 
by DLS is proposed, supported by the trend of ζ−potential in dependence on the amount of 
adsorbed BSA and by the UV circular dichroism spectra of adsorbed proteins. The spectra reveal 
the occurrence of protein-protein interactions for BSA on P−SiO2, where multilayers of 
irreversibly adsorbed BSA molecules (i.e. a so called protein hard corona) are proposed to be 
formed. Conversely, the model indicates the formation of a sub-monolayer protein hard corona 
on M−SiO2. The difference in protein coverage appears to be related to differences in the 
distribution of surface silanols, more than to differences in ζ−potential. 
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INTRODUCTION 
Silica and silica-based materials can have noxious or beneficial effect, and their interaction 
with the human body has been investigated for a long time. In the case of noxious effects, the 
reason for the interest has been to uncover useful structure-activity relationships to explain the 
well-documented toxicity of crystalline silica particles.1 In the case of beneficial effects, a typical 
example is Hench bioglasses.2 More recently, this scenario has been enriched by actual or 
potential uses of silica nanoparticles (NPs) in nanomedicine, beginning with seminal research 
works carried out in the in the first decade of the 20th century, dealing with the use of SiO2 as 
drug-delivery system,3 or as the basis for the fabrication of engineered multifunctional systems.4 
In general, the SiO2 NPs in the huge amount of subsequent investigations in the fields of 
nanomedicine and nanobiotechnology can be classified into two main categories: porous 
(typically mesoporous)5-7 and nonporous.8 The possibility of forming a silica shell on different 
types of cores (e.g., gold, quantum dots, iron oxides) can also be exploited for the preparation of 
composite NPs.4 
Independently of the NP type, the fields of nanomedicine and nanobiotechnology are well 
aware that the interaction of NPs with a biological medium, both in-vitro and in-vivo, is mediated 
by the so called “protein corona” resulting from protein molecules present in the incubation 
media or biofluids adsorbing in the NP surfaces.9-11 The importance of protein-adsorbed 
biointerfaces has been recognized for implanted biomaterials, as a step in the causal sequence (i) 
biomaterial surface structure, (ii) states of adsorbed water molecules, and (iii) states of adsorbed 
proteins, ruling the fate of the interaction of the implant with cells.12 Moreover, the protein 
corona has recently been reported as an in-situ biosensor for temporal and local biomarkers in 
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tissue-engineered scaffolds.13 
The quantitative, compositional, and structural features of a protein corona formed on NPs in 
cell culture media are the result of a multi-parameter process involving rich salt and protein 
compositions, adsorption–desorption energetics and dynamics of proteins (often determining a 
significantly different corona composition with respect to the incubation medium), and the 
surface characteristics of NPs.10 
Although such complex systems are the targets of primary interest, another direction in 
investigations of the protein corona is the study of model systems where NPs are in contact with 
only one type of protein molecule. This allows for more quantitative investigations involving 
possible conformational changes of adsorbed proteins. In this respect, bovine serum albumin 
(BSA) is widely used as a model/probe molecule to study protein adsorption on SiO2,14,15 
Al2O3,16 Ag,17 and CeO218 NPs, because of the huge amount of available data on the structural 
features of this protein, the high degree of homology with respect to human serum albumin,19 
and its low cost.  
Protein adsorption on solid surfaces remains “a common but very complicated phenomenon,” 
as stated by Nakanishi et al.20 To date, many studies have been carried out in this field, and 
significant advances have been attained in regard to the three main factors for controlling the 
adsorption of a single protein species: external parameters (temperature, pH, ionic strength, 
buffer/media composition), protein properties, and surface properties.21 For the surface 
properties in particular, the adsorption of proteins on SiO2 NPs was investigated in regard to its 
dependence on the size and surface curvature,22-24 surface functionalization with poly(ethylene 
glycol),24 amino25,26 or carboxylic26 groups, and amount of surface silanols, changed by tuning 
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the flame pyrolysis conditions,27 or post-synthesis firing at high temperature28or hydrothermal 
treatments.29 
The relative amount and distribution of these sites with respect to siloxane bridges (the other 
type of linkage exposed by silica particles) rule relevant aspects of the physical-chemical 
behavior of the silica surface towards both water, determining the hydrophobic/hydrophilic 
character,30 and proteins.28,29 Of course, when different types of silica NPs are considered, a 
source of differences in the surface silanol populations is the preparation method of the material, 
which can basically be associated with one of the two following processes: i) flame pyrolysis of 
SiCl4, producing the so-called fumed silicas, or ii) condensation in aqueous media of ≡Si−OH 
moieties, forming ≡Si−O−Si≡ linkages. This aspect has recently been considered in a study on 
the dependence of silica NP toxicity on the production process by comparing fumed and 
colloidal silicas.31 
Colloidal silicas are among the SiO2 NPs resulting from type ii) processes and are typically 
nonporous spherical NPs produced by hydrolysis (followed by condensation) of Si alkoxydes in 
homogeneous or heterogeneous systems. The first condition is typical of the well-known “Stöber 
method,”32 while in the second case, hydrolysis occurs in inverse micelles formed in water in oil 
reverse microemulsions.33 Nonporous SiO2 NPs produced by both of these methods are of 
interest for biomedical uses. Applications range from the delivery of conjugated or encapsulated 
small drugs, proteins, genes, or agents active in photodynamic therapy to molecular imaging by 
incorporation of contrast agents or photoluminescent dyes.8 
Interestingly, colloidal silica NPs were found to exhibit a mass fractal structure31 that 
effectively accounts for the huge content in silanol groups, most of which are located below the 
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external surface of NPs.35 When studying the interaction of these NPs with proteins, an 
additional task remains in the recognition of silanols that are actually exposed at the external 
surface. We carried out a comparative study of BSA adsorption on pyrogenic and 
microemulsion-based silica NPs (hereafter referred to as P−SiO2 and M−SiO2, respectively). 
Several features of the materials were measured and investigated, like the size and morphology 
(by transmission electron microscopy), relative distribution of surface silanols (by IR 
spectroscopy in controlled atmosphere augmented by isotopic H/D exchange and a new method 
to recognize surface ≡Si−OH among the overall silanols content of M−SiO2), ζ-potential, 
dispersion state in buffer suspension, and the dependence on the BSA concentration in the 
incubation media (by dynamic light scattering). Particular attention has been devoted to the 
calculation of the surface coverage by proteins and the dependence on the agglomeration of NPs, 
which is supported by the use of UV circular dichroism for monitoring the occurrence of 
protein–protein interactions expected in the presence of multilayered BSA protein corona. In this 
respect, this work would contribute to emerging need of quantitative studies to further the 
understanding of protein corona formation.36 
 
EXPERIMENTAL SECTION 
Materials All solvents and reagents [ethanol, acetone, tetraethylorthosilicate, 
aminopropyltriethoxysilane, cyclohexane, n-hexanol, Triton X-100, ammonia, BSA, phosphate 
buffer saline PBS, deuterated water (99.9 atom % D), n-heptane and anhydrous vanadium (III) 
chloride] were high-purity Sigma-Aldrich products and used as received. Pyrolytic silica 
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Aerosil® OX 50 (P−SiO2) was purchased from Evonik. MilliQ water was used throughout. 
Synthesis and Lab-made Silica NPs. Microemulsion-based silica NPs (M−SiO2) were prepared 
by the following the procedure.37,38 Briefly, a microemulsion was prepared by mixing 
cyclohexane (150 mL), n-hexanol (36 mL), Triton X-100 (35.4 mL), and deionized water (10.8 
mL). The mixture was gently stirred for 30 minutes at room temperature (r.t.) to reach 
homogeneity. Then, tetraethylorthosilicate (TEOS, 9 mmol, 2 mL) and NH4OH (28-30%, 5.3 
mmol; 0.7 mL) were added to the microemulsion to start the reaction. The mixture was stirred 
for a further 16 hours at r.t., and the reaction was then interrupted by the addiction of acetone 
(100 mL). NPs were extracted from the reaction mixture by centrifugation (10000 rpm, 20 min, 
r.t.) and then washed twice with absolute ethanol and several times with deionized water to 
completely remove surfactant molecules. The obtained sample was then stored in aqueous 
suspension. 
Transmission Electron Microscopy (TEM). TEM images were obtained with a 3010 Jeol 
instrument operated at 300 kV. Samples were prepared by spreading a droplet of the suspended 
particles on a copper grid coated with a lacey carbon film. The liquid was then allowed to slowly 
evaporate to limit the aggregation of NPs. For the histogram of the NP size distribution, the 
diameters of ca. 300 particles were measured, and the mean value was calculated as 
dm=∑dini/∑ni, where ni is the number of particles of diameter di. The results are expressed as 
dm±stdv. 
Specific Surface Area (SSABET) Measurements. Specific surface areas of both P− and M−SiO2 
were measured by N2 adsorption–desorption isotherms at 77 K using a Micromeritics ASAP 
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2020 instrument. The SSA was calculated by the Brunauer–Emmett–Teller (BET) method. 
Thermogravimetric Analysis (TGA). TGA measurements were carried out on the silica 
samples in powder form (TA Instruments SDT Q600). Samples were dried at r.t. in a vacuum 
oven, and then 10-mg aliquots were placed in the sample holder. TGA measurements were 
performed under a constant air flux (0.1 L·min-1) with a heating rate of 10 K·min-1 from r.t. to 
1273 K. 
IR Measurements. M−SiO2 and P−SiO2 powders were pressed in self-supporting pellets with 
“optical thickness” of ca. 10–15 mg·cm-2. The samples were then inserted in a cell equipped with 
CaF2 windows and attached to a conventional vacuum line (residual pressure ≤ 5·10-5 mbar) in 
order to carry out adsorption/desorption experiments in situ. Spectra were collected with a 
Bruker IFS28 spectrometer (resolution 4 cm-1; MCT detector) by accumulating 150 scans to 
obtain a good signal-to-noise ratio. The spectra were reported in absorbance after scattering 
correction. All spectra were also normalized with respect to the intensity of signals at 1980 and 
1870 cm-1 due to combinations of silica bulk framework modes.39 This was done to render 
differences in intensity, independent of different thicknesses among pellets. 
Spectra were collected at beam temperature (b.t.; ca. 323 K) in air and after outgassing to 
remove water molecules adsorbed on the surface. In separate experiments, D2O and VOCl3 were 
applied to the outgassed samples after several freeze-pump-thaw cycles. D2O adsorption and 
desorption cycles were repeated until no changes occurred in the spectra.  
Dynamic Light Scattering (DLS). DLS measurements were performed in a 90Plus Particle Size 
Analyzer (Brookhaven Instruments) at a laser wavelength of 660 nm, a detection angle of 90°, 
and 293 K. Samples were prepared by suspending NPs in MilliQ water (pH 5.5) and PBS (pH 
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7.4). The NPs agglomeration was also investigated when suspended in the BSA solution and in 
the presence of only the irreversibly adsorbed proteins in separate experiments (see “Adsorption 
of BSA on silica samples” section for the detailed procedure). In all cases, the NP concentration 
was 0.1 mg·mL-1. DLS plots are reported in mass distribution from the results of triplicate 
experiments. Raw data for bare particles, BSA in PBS, and suspensions of NPs with adsorbed 
proteins are reported in both mass and number distribution in Figure S1 in the supporting 
information (SI hereafter). 
ζ-potential. The surface potential of bare silica NPs suspended in MilliQ water and PBS and that 
of NPs carrying irreversible adsorbed BSA and suspended in PBS (see “Adsorption of BSA on 
silica samples” section for the procedure) were measured by electrophoretic light scattering 
(ELS) using a Zetasizer Nano-ZS (Malvern Instruments). Data are reported as means values of 
triplicate experiments. 
Contact Angle Measurements. The Washburn capillary rise method was applied to measure 
the water contact angle of the silica NPs. A dynamic contact angle was measured with Krüss 
100K tensiometer. The Washburn tube (6 cm long, 11 mm inner diameter), were particles were 
sieved and compacted, was placed into close contact with water, and the weight of the water 
penetrated into the packed bed was recorded as a function of time. By plotting the weight square 
values (m2) versus time (t), the water contact angle (θ) was calculated according the Washburn 
equation: 
                                                            (1) 
where m2 t-1 is the uptake rate of mass2 as liquid rises into particle bed, c is the capillary 
 11 
constant typical of the material packing geometric, ρ is the liquid density, γl is the surface tension 
of the liquid, θ is the particle-liquid contact angle and µ  the liquid viscosity.40 The capillary 
constant for both materials was appointed by calibration runs with an ideal wetting liquid (n-
heptane, density = 0.68 g·mL-1, surface tension = 19.39 10-3 N·m-1 and viscosity = 0.41 10-3 
Pa·s). Afterwards, the measurements were carried out with MilliQ water and PBS as wetting 
fluids. The reported water contact angle value of each material is the average of three 
measurements. The particle wetting curves (m2 vs t) are displayed in Figure S2 in the SI.  
Adsorption of BSA on Silica Samples. For all samples, a series of 50-mg suspensions of NPs in 
2.5 mL of PBS was prepared and sonicated for 15 min at 298 K. Different incubation solutions 
were prepared by adding different amounts of BSA to 2.5 mL of PBS. Each BSA in PBS 
solution was then added to one of the 2.5-mL suspensions of silica NPs in PBS. The nominal 
concentrations of BSA in the final volumes (5.0 mL) were 0.1, 0.5, 1.0, 2.5, 5, and 7.5 mg·mL-1. 
The samples were placed in centrifuge tubes and rotated end-over-end for 15 min at 298 K 
(longer incubation times did not result in significant differences in the amount of adsorbed BSA; 
data not shown). Powders were then separated from the incubation medium by centrifugation 
(10000 rpm, 20 minutes, 298 K), and the supernatants were removed. Pellets with adsorbed BSA 
underwent several re-suspension/centrifugation cycles with fresh PBS to desorb proteins 
reversibly adsorbed toward dilution. Finally, each sample was resuspended in 5.0 mL of PBS for 
spectrophotometric analyses (vide infra). 
Quantification of Adsorbed BSA. The usual method was used for determining the amount of 
proteins in an aqueous solution by spectroscopic measurement of the absorbance at λ = 280 nm 
(Cary 300 Bio, Varian). A calibration curve (absorbance λ = 280 nm vs. BSA concentration in 
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mol·L-1) was established, including the BSA concentrations of the incubation solutions. After 
incubation, the supernatant obtained from the first centrifugation was separated from the powder, 
subjected to two subsequent additional centrifugations, and analyzed spectrophotometrically at λ 
= 280 nm. The basis for determining the total amount of adsorbed BSA (reversibly + 
irreversibly) was the difference between the initial concentration of BSA in the incubation 
solutions (determined as indicated in the previous section) and the BSA concentration in the 
corresponding supernatants.  
The slurries resulting from the first centrifugation were then re-suspended/centrifuged 3 times 
each in 2 mL of fresh PBS. For each slurry, the supernatants resulting from washing were 
merged and analyzed spectrophotometrically to determine the BSA content corresponding to the 
amount of reversibly adsorbed proteins. Then, the difference between the total amount of 
adsorbed proteins and the amount of those desorbed by washing with protein-free PBS resulted 
in the amount of irreversibly adsorbed BSA molecules. Hence, in this work the terms 
“irreversibly adsorbed proteins” will be referred to the irreversibility toward dilution of proteins 
in the suspension medium. Results are reported as the mean value of at least three separate 
experiments ± stdv.  
Circular Dichroism Spectroscopy (CD-UV). Solutions of 0.1-mg·mL-1 BSA, both as received 
and thermally treated (374 K, 15 min), were scanned in the far-UV spectral range (four 
accumulations) over the wavelength region of 180-300 nm with a scanning speed of 50 nm·min-1. 
This was done using a Jasco J-815 spectropolarimeter equipped with a Xe arc lamp and a quartz 
circular cuvette (path length 0.1 cm). MilliQ water was used as a solvent because PBS is not 
transparent in the range of 180–200 nm. For analyses of BSA irreversibly adsorbed on silica 
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NPs, the samples that were separated from the incubation medium as indicated above were 
suspended in MilliQ water just before acquiring spectra. The amount of silica NPs in the 
suspension was then diluted to minimize scattering due to particle suspension (1.0–0.5 mg·mL-1). 
Based on the amount of adsorbed proteins per mass unit of NPs (see previous section), the BSA 
concentration in each suspension was then determined and adjusted to obtain the same nominal 
concentration of irreversibly adsorbed BSA in units per volume of sample (see comments of 
Figure S4 in the SI). Resulting CD spectra, were then deconvoluted using CDNN deconvolution 
software (Version 2.1, Copyright (C) 1997 Gerald Böhm) for the secondary structure estimation. 
CDNN software works with a neural network, an artificial intelligence program used to find 
correlation with reference database spectra. Parameters as molecular mass (Da), protein 
concentration (mg·mL-1), number of aminoacids and cuvette pathlength (cm) were use as input to 
upload CD files, expressed in mdeg in the 180-260 nm range. The deconvolution has been made 
considering the maximum number (33) of reference spectra in the database. Only results not 
exceeding the 100% of total sum of secondary structure and the 5% of standard deviation were 
considered as reliable in the 185-260 nm range. The reliability of deconvolution results was 
confirmed by the agreement with literature data of native and thermally treated BSA.   
 
RESULTS AND DISCUSSION 
Morphology and Size of Silica NPs. Figure 1 shows representative TEM images and the 
correspondent size distribution of P−SiO2 and M−SiO2 (Figure 1A,B and Figure 1C,D, 
respectively).  
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Figure 1. TEM images (A,C) and size distribution (B,D) of P−SiO2 and M−SiO2, upper and 
bottom panels, respectively. Scale bar = 50 nm. 
The P−SiO2 powder was made of roundish particles with highly heterogeneous shape and size 
and diameters distributed in the range of 10–120 nm. Conversely, M−SiO2 appeared as spherical 
NPs with homogenous shape and size and a narrow size distribution centered at ca. 50 ± 2 nm. 
The different morphological features resulted in different specific surface areas with SSABET 
measurements providing values of ca. 50 m2·g-1 for P−SiO2, which is in good agreement with 
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technical data provided by the supplier (50 ±15 m2·g-1). The measured value was 95 m2·g-1 for 
M−SiO2 (Table1).  
 
Table 1. Surface features of P−SiO2 and M−SiO2: specific surface area measured by N2 
adsorption isotherm (BET method) and number of silanols per nm2 obtained by combining the 
results of thermogravimetric analyses with SSABET measurements. 
sample specific surface area (m2·g-1) silanols per nm2 
P−SiO2 50 1.6 
M−SiO2 95 30 
 
Surface Silanols. The amount of silanols present in the two types of silica NPs was measured by 
TGA, and their average surface density was determined using the values of SSABET (Table 1, last 
column). A value of 1.6 Si−OH per nm2 was found for P−SiO2, whereas the density resulted in 
30 silanols per nm2 for M−SiO2. Of course, such a value cannot be related only to silanols 
exposed on the surface of M−SiO2 NPs measured by N2 adsorption because the maximum 
amount of OH groups that can be present on the silica surface is 7 OH per nm2.41 Also, the 
density of silanols at the surface of P−SiO2 was overestimated because of the presence of 
intraglobular ≡Si−OH (vide infra). To distinguish between surface and sub-surface silanols, SiO2 
NPs were placed in contact with D2O, which was expected to produce a Si−OH/Si−OD isotopic 
exchange for only silanols accessible to vapor molecules. The process was monitored by in situ 
IR spectroscopy, and the results are summarized in Figure 2. 
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Figure 2. Panel A: IR spectra of P−SiO2 (black curves) and M−SiO2 (green curves) outgassed at 
r.t. (a, b, solid lines), and after H/D exchange by contact with D2O and subsequent outgassing at 
r.t., repeated in sequence until invariance of spectra (a’, b’, dashed lines). Panel B: zoom of the 
νOH spectral region for P−SiO2 (a, this time without multiplication for any extra factor) and 
M−SiO2 (b) outgassed at r.t. In both panels the intensities were normalized with respect the 
2000-1550 cm-1 pattern due to bulk modes (see Experimental section). In addition, curves a,a’ in 
panel A were multiplied by 20, for the sake of clarity. 
For P−SiO2, the infrared profile of the NPs outgassed at r.t. exhibited a typical pattern with two 
groups of signals in the ranges of 3800-3000 cm-1 and 2000-1550 cm-1 (curve a). Based on 
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established literature data,53,59 the pattern can be assigned to OH stretching (νOH) as follows:  
- narrow peak at 3746 cm-1: isolated silanols  
- 3700-3600 cm-1: Si−OH interacting via van der Waals/weak H-bonding (including 
intraglobular silanols)  
- 3600-3000 cm-1, broad features with partly resolved maximum at 3480 cm-1: Si−OH interacting 
via H-bonding 
- 1980 and 1870 cm-1 combinations of symmetric and antisymmetric bulk modes  
- 1635 cm-1 overtone of symmetric bulk modes  
The contact with D2O (curve a’) did not change the features in the low frequency region, 
confirming the complete desorption of H2O molecules by outgassing at r.t., which, if otherwise 
present, should produce a δH2O mode component at ca. 1640 cm-1 that would be expected to 
disappear after isotopic exchange. In contrast, the νOH pattern appears widely affected by the 
isotopic exchange, resulting in the disappearance of the νOH at 3746 and 3480 cm-1, which was 
converted to νOD signals at 2761 cm-1 and 2608 cm-1. This appears to be due to accessibility of 
silanols to D2O molecules. In the νOH region, components at 3655 and 3450 cm-1 resisted the 
H/D exchange, indicating the presence of silanols located in intraglobular voids that are 
inaccessible to gaseous molecules, as known for pyrogenic silicas.39 
For M−SiO2, the νOH pattern after outgassing at b.t. (curve b) appeared to be dominated by a 
broad component with a maximum at 3475 cm-1, which was accompanied on the high frequency 
side by a secondary maximum at 3765 cm-1 and an ill-resolved shoulder at 3730 cm-1. This 
profile clearly indicates that these NPs contain a higher relative amount of silanols interacting 
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with each other via H-bonding. The νOH pattern was almost depleted by subsequent H/D 
exchange, which produced the corresponding OD pattern while leaving the signals at lower 
frequency unchanged, as in the previous case. The combination of the apparent surface density of 
silanols calculated based on the SSABET area (Table 1) and the sensitivity of almost all Si−OH in 
M−SiO2 NPs to the H/D exchange leads to the conclusion that sub-surface silanols should be 
present, as mentioned above, but with sensitivity to the contact of NPs with D2O. This behavior 
agrees well with what was observed for Stöber silica particles for which a mass fractal structure 
was proposed:34 nitrogen molecules adsorbed at low temperature for measuring the SSABET 
cannot enter the H-bond network among silanols distributed from the surface towards the bulk of 
NPs, whereas this network can be entered by water molecules (also in the D2O form) and/or by 
OH- /H3O+ (OD-/D3O+) species resulting from their auto dissociation. In fact, the contact of silica 
powders with the water vapor pressure at r.t. results in the surface formation of liquid-like 
H2O/D2O molecular multilayers where the auto dissociation of water molecules can occur.42  
The presence of subsurface silanols in M−SiO2 hindered the possibility of direct recognition of 
the Si−OH actually exposed on the surface of these NPs. The comparison between the 
normalized νOH profiles of the two types of NPs (Figure 2B) indicated that surface isolated 
silanols, if present, should be a very minor fraction among Si−OH in M−SiO2. The difference in 
the amount of silanols in the two types of NPs effectively accounts for the relevant difference in 
the integrated intensity of the two profiles (ca. 15 times). 
The contribution of the surface silanols to the overall νOH pattern of M−SiO2 was then 
determined by back-exchange of deuterated NPs with tert−butanol to assess the accessibility of 
silanols by molecules with a larger cross section. However, the silanols sensitive to the D/H back 
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exchange appeared to be ca. 60% of the total; i.e., ca. 18 per nm2 (Figure S3 in the SI). This 
value still resulted in significantly higher Si−OH surface density than the maximum expected for 
silica (see above), indicating that the back-exchange should have also involved a fraction of 
subsurface silanols, likely by swelling of the subsurface layers by contact with the alcohol vapors 
and/or the occurrence of a proton-like transfer mechanism between alcohol molecules adsorbed 
on the NP surfaces and the inner network of interacting silanols. 
Both types of silica NPs were then placed in contact with VOCl3, which reacts with Si-OH to 
produce grafted vanadyl species.43,44 
3(≡Si-OH) + VOCl3     →       [(≡Si-OH)3-n, (≡Si-O)n]VO(Cl)3-n + n HCl    with  3 ≥ n ≥ 1 
Because of the significant steric hindrance of the three Cl atoms and the need for actual contact 
between the reactants for the occurrence of the process, this reaction appeared to be a good 
candidate for the selective consumption of surface silanols in the case of M−SiO2 as well. The 
reaction was monitored by in situ IR spectroscopy, and the results obtained for both types of 
silica NPs are displayed in Figure 3. 
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Figure 3. Panel A: IR spectra of P−SiO2 (black curves) and M−SiO2 (green curves) before 
(curves a,b, solid lines) and after (curves a’,b’, dashed lines) reaction with VOCl3. The specra of 
the two materials were normalized with respect to the pattern in the 2000-1550 cm-1 range (see 
Experimental section). In addition, curves a,a’ in panel A were multiplied by 20, for the sake of 
clarity. Panel B: results of the (a-a’, this time without multiplication for any extra factor) and   
(b-b’) spectra subtraction in the 3800-3500 cm-1 range. The intensities of the curves were 
normalized with respect to both the pattern in the 2000-1550 cm-1 range and the SSABET.  
 
In the case of P−SiO2 (Figure 3A, a,a’), the contact with VOCl3 resulted in depletion of the 
νOH components due to the surface silanols, leaving a spectral pattern almost corresponding to 
the profile due to intra-globular ≡Si-OH previously revealed by H/D isotopic exchange (Figure 2, 
a’). It can be inferred that all surface ≡Si-OH was consumed in the grafting of vanadyl species, 
 21 
likely producing only (≡Si-O)3VO species. In contrast, the admission of VOCl3 on M−SiO2 
produced only a limited consumption of the νOH components above ca. 3500 cm-1, accompanied 
by increased intensity of a broad feature in the range of 3500–3000 cm-1 (Figure 3A, b,b’). This 
should result from the H-bond interaction between unreacted Si-OH and Cl atoms of grafted 
vanadyl chloride species, indicating that [(≡Si-OH)3-n, (≡Si-O)n]VO(Cl)3-n species (2≥ n ≥ 1) 
should also be present in this case.  
The increase of the intensity below 3500 cm-1 prevented the possibility of obtaining any 
quantitative information on the involvement in the reaction of H-bonded silanols possibly present 
on the surface of M−SiO2 NPs. However, the subtraction between the spectra collected before 
and after the contact with VOCl3 allowed for extracting of the profile due to surface silanols 
contributing to the spectral range above 3500 cm-1. This analysis was carried out for both types 
of SiO2 NPs, and the results are compared in Figure 3B. In the case of P−SiO2 NPs, this spectral 
range is dominated by a peak at 3746 cm-1 due to isolated silanols (curve a-a’), whereas for the 
M−SiO2, this signal (if present) should be a minor sub-band of an absorption with maximum at 
3736 cm-1 and broaden towards lower wavenumbers (curve b-b’). Such a profile indicates that 
the surface of M−SiO2 NPs should expose significantly larger relative amounts of silanols that 
are close enough to each other to interact through weak H-bonding.39  
After normalization with respect to both the sample amount and SSABET (which are the 
obtained signals related only to surface Si−OH), the integrated area of the b-b’ curve obtained for 
M−SiO2 was ca. 2.6 times larger than that for the a-a’ curve obtained for P−SiO2. The stronger 
the interaction involving hydroxy groups, the larger the νOH downshift and increase of the 
decadic absorption coefficient.45 The coefficient was found to be ca. 10 times higher for H-
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bonded ≡Si−OH characterized by νOH below 3600 cm-1.46 Based on these findings, it seems 
reasonable to propose that the amount of silanols (weakly interacting) responsible for the νOH 
pattern in the range of 3800-3600 cm-1 might be similar for P−SiO2 and M−SiO2, or even slightly 
lower for the second one. 
Agglomeration vs. Dispersion of SiO2-NPs in BSA Solutions.  
The state of SiO2 NPs was investigated in terms of hydrodynamic diameter (Dh) and ζ-
potential for NPs suspended in water and in PBS buffer and then added in this form to PBS 
buffer with different BSA concentrations (Figure 4, panels A and B, respectively; raw DLS data 
in Figure S1 in the SI).  
 
 
(the remaining part of the page was intentionally left blank for showing in the same page 
following Figure 4 and related caption) 
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Figure 4. Hydrodynamic diameters (panel A) and ζ−potential values (panel B) of P−SiO2 (black 
symbols) and M−SiO2 (green symbols) suspended in PBS buffer (first full symbol), then added 
to BSA solutions with different protein concentrations, separated from the incubation media and 
then re-suspended in PBS buffer. Thus, data refers to the fraction of protein irreversibly adsorbed 
on particle agglomerates. For the sake of completeness, also data obtained by suspending bare 
P−SiO2 and M−SiO2 in MilliQ water are reported in the left part of both panels (half symbols, 
color code as in the rest of the figure). 
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Dh was measured both while keeping unadsorbed proteins in the suspension media and after 
removing them; i.e., leaving NPs with irreversibly adsorbed BSA molecules suspended in bare 
PBS buffer. Basically the same results were obtained for both cases (see Figure S1 in the SI). 
The second conditions were also used for the measurements of ζ-potential. Thus, for the sake of 
comparison, Figure 4A shows DLS data obtained for silica NPs with irreversibly adsorbed 
proteins. P−SiO2 NPs (Figure 4A, black circles) suspended in MilliQ water exhibited an Dh of 
ca. 830 nm (half circle). This is distinctly larger than the particle size observed by TEM (Figure 
1, panels A,B), indicating the occurrence of significant NP agglomeration. By considering that 
these particles exhibit a ζ-potential of −33 mV (see below), this behavior indicates that attractive 
hydrophobic forces and, as DLVO forces are concerned, attractive van der Waals forces 
prevailed in some extent on the electrostatic double layer repulsive force, actually 
entropic/osmotic in nature.46  In this respect, a contact angle of 87.96 ± 0.24°  was measured by 
P-SiO2, close to the conventional boundary for a classification of a surface as  hydrophobic 
(>90°) or hydrophilic (<90°).48 This value is in agreement with the enthalpy of adsorption of 
water on P-SiO2, found to be very close to the latent heat of water liquefaction,30 considered as a 
reference threshold when measuring hydrophilicity/hydrophobicity by water adsorption 
calorimetry.49 The addition of such agglomerates to PBS buffer resulted in a further increase of 
Dh to ca. 1600 nm, as a consequence of the decrease of the surface potential to −29 mV (see 
below)  resulting from the presence of electrolytes in the buffer.45 Conversely, the contact angle 
remained almost unchanged (88.47 ± 0.23°), as confirmed by the t test carried out at a 95% 
confidence level on the PBS and water measured contact angle values.  
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Then, aliquots of P−SiO2 suspended in PBS buffer were added to buffered BSA solutions at 
different protein concentrations. DLS measurements revealed that the Dh of agglomerates 
sharply decreased to ca. 600 nm for BSA concentration as low as 0.5 mg·mL-1, and similar Dh 
values were obtained when considering BSA buffer solutions at higher concentrations. A clear 
trend was observed for the dispersive effect by adsorbed proteins. However, the 
disagglomeration of P−SiO2 was far from complete: a diameter of ca. 600 nm appears too large 
with respect to particle sizes observed by TEM.  
For M−SiO2 (Figure 4A, green symbols), these NPs appeared almost monodispersed in water 
because the measured Dh of ca. 50 nm is in good agreement with the main size observed by 
TEM (Figure 1, panels C,D). For these nanoparticles, electrostatic repulsive forces (ζ-potential = 
-29 mV) should prevail on attractive forces, and in particular on the hydrophobic ones, in 
agreement with the lower water contact angle measured (77.88 ± 2.06°) with respect to P-SiO2. 
Similarly to the previous case, the suspension in PBS resulted in the formation of large 
agglomerates (Dh ca. 940 nm), which decrease in size when suspended in BSA solutions, more 
so for higher BSA concentration. For this type of NPs, the redispersion appeared more effective 
than for P−SiO2, although incomplete (smallest Dh: ca. 125 nm). This behavior can be related to 
the larger hydrophylicity of M-SiO2, then resulting in less extended hydrophobic interactions 
responsible for their agglomeration in PBS.  
Besides quantitative differences, the dispersion effect of proteins towards agglomeration of 
both types of silica NPs deserves attention. The larger disruption of agglomerates attained by 
suspending them in BSA solutions at higher concentrations indicates that the process should 
depend on protein concentration gradients between outside and inside the agglomerates; i.e., it 
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should be driven by protein diffusion throughout inter-particle spaces. Moreover, the incomplete 
disagglomeration indicates that the protein diffusion did not reach the core of agglomerates. 
Hence, the systems finally obtained by adding the initial suspension of NPs in PBS to protein 
solutions at different concentrations can be described as suspensions of the parts of the 
agglomerates that resisted the disruption with proteins mainly adsorbed on their surface.  
The same experimental conditions applied for DLS analysis of the suspension of NPs with 
irreversibly adsorbed proteins were also used for the ζ-potential measurements (Figure 4, panel 
B). When suspended in PBS buffer, both types of silica NPs exhibit negative ζ-potentials of −29 
and −22 mV for P−SiO2 and M−SiO2, respectively, as expected from the deprotonation of 
surface silanols. Notably, the value obtained for M−SiO2 is slightly less negative than for 
P−SiO2, despite the significantly larger amount of silanols present in NPs prepared by 
microemulsion. This is in accordance with the overwhelming sub-surface location of Si−OH in 
these nanospheres, preventing their contribution to the interface with the aqueous medium. 
In regard to protein molecules, BSA dissolved in PBS exhibited a ζ-potential of −9.5 mV in 
native form and–14.6 mV after denaturation by heating at 373 K for 10 min. In the case of 
P−SiO2, the presence of irreversibly adsorbed proteins resulted in a significant increase of the ζ-
potential from −29 to −17 mV (∆ = 12 mV) for samples in contact with protein solutions with 
BSA concentrations up to 1.0 mg·mL-1. When P−SiO2 NPs were in contact with more 
concentrated BSA solutions (up to 7.5 mg·mL-1), a further slight increase of the ζ-potential from 
−17 to −13 mV was measured, and then the difference with respect to bare P−SiO2 NPs increased 
to 16 mV.   
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Conversely, irreversibly adsorbed proteins shifted the ζ-potential of M−SiO2 from −22 to ca. 
−20 mV when NPs were in contact with BSA solutions of up to 1 mg·mL-1 (panel B, green 
symbols). The potential then shifted to ca. −16 mV after incubation in the 2.5-mg·mL-1 BSA 
solution. Finally, slightly more negative ζ-potential values were measured for this type of NPs 
incubated in more concentrated BSA solutions. Hence, the maximum difference in ζ-potential 
between M−SiO2 in the bare form and with irreversibly adsorbed BSA was only 6 mV.  
The ζ-potential of M−SiO2 with irreversibly adsorbed proteins also resulted in more negative 
values of a few mV than the corresponding P−SiO2/BSA systems for BSA incubation solution 
concentrations of ≥ 1.0 mg·mL-1. In particular, after incubation with the most concentrated BSA 
solution (7.5 mg⋅mL-1), the ζ-potentials of P−SiO2/BSA and M−SiO2/BSA were −13 mV and −16 
mV, respectively. The first value was between the ζ-potentials of native (−9.5 mV) and thermally 
treated (−15 mV) BSA molecules, with the latter being slightly less negative than that for 
P−SiO2/BSA. Typically, the ζ-potential of a surface with adsorbed proteins is a combined 
function of coverage, orientation, and conformation of adsorbed proteins.28 To obtain insights on 
the relative contribution of these factors, the amount of adsorbed proteins was measured for each 
incubation condition.  
Amounts of BSA Adsorbed on SiO2 NPs and Determination of Surface Coverage. 
The total amounts of BSA adsorbed on the two types of SiO2 NPs and related irreversible 
fractions are reported in Figure 5. 
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Figure 5. Amount of total (half symbols) and irreversibly (full symbols) BSA adsorbed on 
P−SiO2 (black symbols) and M−SiO2 (green symbols) per: A) mass of silica, B) theoretical 
monolayer (θ=1) calculated for BSA molecules adsorbed in a side-on way, and taking into 
consideration the specific surface area measured via N2 adsorption (BET method), and C) 
theoretical monolayer (BSA molecules adsorbed in a side-on way) calculated taking into 
consideration the external specific surface area of NPs agglomerates observed by DLS. Note that 
in panels B and C the scale of the Y axis, where the coverage values are reported, is different. 
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 The data in panel A are the mass of adsorbed protein per unit mass of silica. The total amount of 
BSA adsorbed on P−SiO2 (half black symbols) gradually increases at an initial BSA 
concentration of 2.5 mg·mL-1 in the incubation solution and then remained constant. Conversely, 
the adsorption isotherm obtained for M−SiO2 (half green symbols) increased monotonously up to 
the highest BSA concentration used (7.5 mg·mL-1), reaching a final amount of adsorbed protein 
almost double that  for P−SiO2 and crossing the isotherm obtained for that material at a protein 
concentration of 2.5 mg·mL-1. For the isotherms related to irreversibly adsorbed proteins (full 
symbols), data appeared more similar for the two materials and were significantly lower in both 
cases than the total amounts of adsorbed BSA. 
The next step was evaluation of the surface coverage, which was initially carried out by 
considering the SSABET (Figure 5B). The main points resulting from this calculation are as 
follows: i) In all cases, the coverage remained well below the theoretical side-on monolayer 
(θ=1, corresponding to ca. 2250 µg BSA per m2 of surface16), attaining a maximum value of ca. 
0.5. ii) As a general trend, the coverage obtained for P−SiO2 for both total and irreversibly 
adsorbed proteins was significantly higher than those corresponding for M−SiO2, except for the 
highest coverage for total adsorbed proteins attained by incubation in protein solutions with a 
BSA concentration of 7.5 mg·mL-1. At this concentration, the results were similar in both cases. 
The results obtained for P−SiO2 were in agreement with previous studies.28,50 
However, the DLS data indicated that protein adsorption should mainly occur on the external 
surface of the parts of initial agglomerates of both P−SiO2 and M−SiO2, which resisted the 
diffusion of proteins. Based on this, the surface coverage by BSA was recalculated while taking 
into account the estimated external surfaces of these agglomerates, which were modeled as 
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spheres with diameters equal to the measured Dh. Furthermore, the homogeneity of size and 
shape of M−SiO2 NPs allowed for refinement of this model to some extent for evaluation of the 
silica mass present in the agglomerates made of these NPs. The homogeneity allowed for reliable 
calculation of the mass of each NP (with known density). In addition, these NPs were observed 
to pack in an hexagonal array.37 The combination of these inputs resulted in better estimation of 
the SiO2 mass present in the M−SiO2 agglomerates and of their external specific surface area. 
The values and a description of the calculation procedure are reported in Table S1 in the SI.  
Such a refinement was not possible for P−SiO2 NPs, which exhibit a variety of sizes and shapes. 
Thus, the agglomerates of these NPs were considered as solid silica spheres, and the calculated 
specific surface area was underestimated. However, because the agglomerates were packed 
densely enough to prevent protein diffusion within inter-particle spaces, the assumption of 
agglomerates as solid spheres seems reasonable. The results of these calculations (Figure 5C; 
note that the scale along the Y axis is different from that in Figure 5B) indicate that protein 
multilayers should be present on the external surfaces of P−SiO2 agglomerates for both the total 
(half black symbols) and irreversibly (full black symbols) adsorbed cases when starting 
incubations in protein solution with BSA concentrations of ≥0.5 and 1.0 mg·mL-1 (total and 
irreversible amounts, respectively). Conversely, total amounts of BSA adsorbed on M−SiO2 
attained the theoretical monolayer on the external surface of agglomerates incubated in the 
protein solutions with a BSA concentration 2.5 mg·mL-1 (half green symbols), while the 
coverage by irreversibly adsorbed proteins never exceed ca. 60% of the theoretical monolayer 
(full green symbols).  
Notably, based on the proposed calculation of protein coverage, an irreversibly adsorbed 
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monolayer and a partial multilayer of proteins on P−SiO2 NPs should have been attained by 
incubation in BSA solution with concentrations of 0.5 and 1.0 mg·mL-1, respectively (Figure 
5C). The samples obtained in these incubation conditions also corresponded to the last two 
points, which were quite close to each other, of the first part of the trend exhibited by the ζ-
potential of the P−SiO2/BSA system depending on the BSA concentration in the incubation 
solutions (Figure 4B, black symbols). Most of the change with respect to bare NPs suspended in 
PBS occurred in these conditions (i.e., ∆ζ = 12 mV for a total of 16 mV). This behavior is in 
agreement with the proposed complete coverage by proteins of the surface of agglomerates by 
incubation in those conditions. The subsequent minor changes in ζ-potential by further increasing 
the amount of adsorbed BSA might then be in agreement with the formation of thicker 
multilayers, exposing conformation and orientation that depend on the multilayer thickness at the 
surface proteins. 
Unfortunately, the less negative ζ-potential of bare M−SiO2 suspended in buffer prevented the 
possibility of unambiguously associating the smaller total change in ζ-potential obtained by BSA 
adsorption (∆ζmax= 6 mV; Figure 4B, green symbols) with the attainment of only sub-monolayer 
coverage indicated by the calculation. In fact, as a result of the less negative starting point and 
the smaller ∆ζ, most of the ζ-potential values obtained for the M−SiO2/BSA systems appeared 
close to those measured for corresponding P−SiO2/BSA systems. Additional insights on the 
actual possibility of the formation of a BSA multilayer or sub-monolayer on the surfaces on the 
P−SiO2 and M−SiO2 agglomerates were provided by spectroscopic investigations of adsorbed 
proteins. 
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CD-UV Spectra of Irreversibly Adsorbed Proteins 
Figure 6 shows the CD−UV spectra of proteins irreversibly adsorbed on P−SiO2 and M−SiO2 
(curves a-d in panels A and B, respectively). These were compared with the spectra of buffered 
solutions of BSA in the native form (blue curves) and after treatment at 373 K for 15 min (red 
curves). 
 
Figure 6. CD−UV spectra of BSA irreversibly adsorbed on P−SiO2 (panel A, black curves) and 
M−SiO2 (panel B, green curves) at different protein concentration in incubation solution: a) 0.5, 
b) 2.5, c) 5.0, d) 7.5 mg·mL-1. Spectra are compared with those of solutions of BSA in native 
form (blue curves) and after thermal treatment at 373 K for 15 min (red curves). The intensity of 
the spectra was normalized with respect the protein content as described in Figure S4 in the SI. 
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Table 2. Values of the ratio between MRE at 208 and 222 nm (MRE208/MRE222) calculated for 
the CD-UV spectra of BSA in solution and adsorbed on the two types of SiO2 NPs. 
 MRE208/MRE222 < 1 MRE208/MRE222 > 1  
   BSA in solution 
  1.012 native BSA 
  1.015 heated at 373 K 
adsorbed BSA   adsorbed BSA 
spectrum a (P-SiO2) 0.947 1.012 spectrum a (M-SiO2) 
spectrum b (P-SiO2) 0.963 1.015 spectrum b (M-SiO2) 
spectrum c (P-SiO2) 0.965 1.093 spectrum  c (M-SiO2) 
spectrum d (P-SiO2) 0.990 1.065 spectrum  d (M-SiO2) 
 
The spectrum of native BSA exhibits the expected profile characterized by a positive signal at 
192 nm (left-hand polarized πnb→π* electronic transition) and two negative components at 208 
nm and 222 nm due to the right-hand polarized πnb→π* and n→π* transitions, respectively.51,52 
The deconvolution of the spectral profile, carried out by CDNN software, resulted in a relative 
amount of α-helix, β-sheet, and unordered secondary motifs (Table 3, entry 1). Obtained data are 
consistent with literature ones53 based on CDSSTR software based on CD spectra of proteins for 
which high-quality X-ray diffraction data are available. 
After thermal treatment, the tree signals became less intense and exhibited changes in relative 
intensity, mainly as a consequence of significant conformational changes in favor of unordered 
secondary motifs (Table 3, entry 2), which is also in agreement with literature data,54 where 
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deconvolution was carried out using UV-CD spectra poly-L-lysine with different secondary 
structure as reference. 
 
 
Table 3. Results of the deconvolution of UV-CD spectra of BSA (water solutions, see 
Experimental section) in native forms and after heating for 15 min at 373 K, and irreversibly 
adsorbed on P−SiO2 and M−SiO2 at different protein concentration in incubation solution. 
sample 
BSA, 
mg·mL-1 
α-helix (%) β-sheet (%) β-turn (%) random coil (%) 
BSA, solution  69 ± 3  9 ± 2  10 ± 0.5  12 ± 2  
BSA, solution 
(treated at 373 K)  
 48 ± 2  10 ± 2  16 ± 1  27 ± 2 
P−SiO2  BSA, 0.5 37 ± 3  18 ± 1 16 ± 1  29 ± 2 
 BSA, 2.5 37 ± 2  18 ± 1  15 ± 1  29 ± 1  
 BSA, 5.0 36 ± 2  18 ± 2  16 ± 1  30 ± 1  
 BSA, 7.5 36 ± 2  20 ± 2 16 ± 1 29 ± 1 
M−SiO2  BSA, 0.5 51 ± 2  10 ± 1 14 ± 1 25 ± 1  
 BSA, 2.5 52 ± 4 11 ± 1  13 ± 0 24 ± 2  
 BSA, 5.0 50 ± 3  11 ± 1  15 ± 0  25 ± 2  
 BSA, 7.5 51 ± 4 11 ± 1  15 ± 1 24 ± 2  
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The spectra of irreversibly adsorbed proteins on the two types of SiO2 NPs (curves a-d in both 
panels) normalized with respect to the same protein content (see Experimental section), generally 
appear closer to the spectrum of thermally treated BSA (red curves), showing the occurrence of 
conformational changes towards unordered secondary structures, as confirmed by deconvolution 
of spectra (Table 3, entries 3-10). However, an inversion of the relative intensity of the negative 
signals at ca. 208 and ca. 222 nm in favor of the second one occurred in the case of BSA on 
P−SiO2 (Figure 6, inset of section A and Table 2). For the sake of clarity, the ratio between the 
MRE at these two positions was calculated for all spectra (MRE208/MRE222), and the results are 
reported in Table 2. For native and thermally treated proteins in solution, a ratio greater than one 
was obtained, which conversely became less than one for all BSA/P−SiO2 samples. Similar 
behavior was observed for amyloid proteins adsorbed on Teflon particles.54 This was a 
consequence of lateral interaction among adsorbed proteins at high surface coverage, thereby 
promoting intermolecular β-sheet formation. Hence, MRE208/MRE222 values obtained for 
P−SiO2/BSA samples are consistent with the presence of protein multilayers, which are proposed 
to form on the external surfaces of the agglomerates of these silica NPs where protein–protein 
interaction should occur. Accordingly, MRE208/MRE222 values greater than one were calculated 
for BSA irreversibly adsorbed on M−SiO2 (Figure 6, inset of section B and Table 2), attaining 
coverage that does not exceed the monolayer. The ensemble of data resulting from the 
deconvolution of CD−UV spectra of BSA in solution and adsorbed on the two types of silica 
appeared fully consistent with this (Table 3). 
In the case of BSA in solution, by passing from the native form (entry 1) to the thermally 
treated one (entry 2), a decrease of the α-helix content in favor of β-turn and random coil 
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structural motifs (ca. +60% and +125%, respectively) occurred, while β-sheet secondary 
structures increased their relative content of ca. +15%. Basically, almost the same occurred for 
BSA on M−SiO2 agglomerates (entries 7-10). Conversely, BSA on P−SiO2 (entries 3-6) 
exhibited a decrease of the α-helix content in favor of not only β-turn and random coil structural 
motifs but also β-sheet structures. The relative amount of β-sheet structures almost doubled with 
respect to proteins in the native state (entry 1), which is in agreement with the expected protein–
protein interaction occurring in a multilayered BSA hard corona. 
The collection of data resulting from the calculation of protein surface coverage on the basis of 
the external surface of nanoparticle agglomerates and UV-CD measurements allows some 
comments on the origin of the formation of BSA sub-monolayer or multilayers irreversibly 
adsorbed toward dilution on the two types of silica NPs. The affinity of protein molecules for a 
sorbent surface affect the initial slope adsorption isotherms, i.e., higher the affinity, steeper the 
slope,50 and on such a basis BSA exhibited a higher affinity towards P-SiO2. When suspended in 
PBS (but the same occurred in water) these particles exhibited a more negative ζ-potential than 
M-SiO2 (Figure 4B), the higher protein affinity towards P-SiO2 has not an electrostatic origin, 
being BSA negatively charged at the pH of the incubation medium (see above). Conversely, P-
SiO2 appeared less hydrophilic than M-SiO2 (Figure 4A and related comments) likely because of 
the different distribution of surface silanols, and hydrophobic interaction can promote protein 
adsorption.56 
Noticeably, the formation of adsorbed multilayers can be related to the tendency of proteins to 
aggregate in solution, e.g. after conformational changes. However, this is not the case of 
thermally treated BSA, as indicated by the decrease of α-helix content, with respect to native 
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BSA, in favor of random coil, whereas the relative amount of β-sheet remained almost 
unchanged (see Table 3). It can be then proposed that the interaction of proteins with P-SiO2 NPs 
agglomerates resulted in conformation of BSA molecules in contact with the surface promoting 
protein-protein interactions, against electrostatic repulsions among adsorbed proteins and the 
limited exposure of polar portions toward the aqueous medium. Likely, BSA in subsequently 
adsorbed layers could assume conformations resulting in a different balance among these factors, 
until the exposure of an outmost protein layer surface less active toward further irreversible 
adsorption, upon dilution, of BSA molecules. 
 
 
CONCLUSION 
The results indicated that the absorption of BSA on pyrolytic (P−SiO2) and colloidal silica NPs 
(M−SiO2 prepared by the inverse micelle microemulsion method) is a phenomenon where each 
component of the systems (proteins and SiO2 NPs) has an effect on the other. In fact, BSA 
molecules act as a dispersing agent towards the large agglomerates formed by both types of NPs, 
which modify the conformation of adsorbed proteins. Notably, the distribution of silanols on the 
surface of the two types of silica NPs and, consequently, the surface 
hydrophobicity/hydrophylicity, appeared to affect the amount of adsorbed proteins significantly. 
The relative scarcity of isolated ≡Si−OH on M−SiO2 can be indicated among the factors limiting 
the irreversible absorption of BSA with respect to P−SiO2. Conversely, the surface ζ-potential of 
NPs might play a non-primary role in determining the amount of adsorbed proteins. M−SiO2 NPs 
with less negative ζ-potential were found to adsorb less BSA than P−SiO2 (independently of the 
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model used for the calculation of the coverage), despite the overall negative charge of these 
protein molecules in the incubation conditions. 
From a methodological point of view, the persistence of the presence of NP agglomerates 
during the incubation in BSA solutions requires additional considerations of the surface area 
actually available to protein molecules when calculating the protein coverage. In this respect, the 
proposed model (which considers the external surface area of agglomerates with adsorbed 
protein molecules) produced data consistent with both the trend in ζ-potential for increasing 
amount of adsorbed proteins and CD-UV spectra (when applicable). These spectra provide 
evidence of protein–protein interaction for BSA on P−SiO2, where the formation of multilayers 
of proteins irreversibly adsorbed toward dilution was proposed. A pictorial view of the main 
points commented on above is displayed in Scheme 1 
 
Scheme 1. Graphical summary of the causal relationship among surface features of SiO2 NPs, 
nanoparticles aggregation in PBS and protein coverage in BSA/PBS solution. 
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Finally, it can be considered that the investigation of the adsorption of BSA on NPs deals with 
a system that is much simpler than NPs in contact with plasma or serum (typically fetal bovine 
serum (FBS) or fetal calf serum (FCS)), which are usually considered for studying the formation 
of protein corona on colloidal silica NPs.57,58Albumin is the most abundant component of the 
protein pool in FBS and FCS, as well in human blood. In one study, it was also found to be the 
most abundant protein in the hard corona of silica NPs,59 while in other cases, its content in the 
hard protein corona was very low.60-62  
Physical parameters such as the surface curvature of NPs were proposed to play a role in the 
competitive adsorption of proteins in the process, resulting in the formation of the hard corona.22 
It could be of interest to investigate the possible contribution of different amounts and 
distributions of surface silanols to the composition of the hard protein corona on SiO2 NPs. To 
the best of our knowledge, the formation of a protein corona on pyrolytic silica NPs has not been 
investigated yet. The results of such a study would be of interest for assessing whether the 
formation of BSA multilayers when these NPs are incubated with only this protein might 
correspond to its presence in a large amount in the protein corona formed by incubation in serum 
solutions.  
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